Two pathways of transcription termination, factor-independent and -dependent, exist in bacteria. The latter pathway operates on nascent transcripts that are not simultaneously translated and requires factors Rho, NusG, and NusA, each of which is essential for viability of WT Escherichia coli. NusG and NusA are also involved in antitermination of transcription at the ribosomal RNA operons, as well as in regulating the rates of transcription elongation of all genes. We have used a bisulfite-sensitivity assay to demonstrate genome-wide increase in the occurrence of RNA-DNA hybrids (R-loops), including from antisense and read-through transcripts, in a nusG missense mutant defective for Rho-dependent termination. Lethality associated with complete deficiency of Rho and NusG (but not NusA) was rescued by ectopic expression of an R-loop-helicase UvsW, especially so on defined growth media. Our results suggest that factor-dependent transcription termination subserves a surveillance function to prevent translationuncoupled transcription from generating R-loops, which would block replication fork progression and therefore be lethal, and that NusA performs additional essential functions as well in E. coli. Prevention of R-loop-mediated transcription-replication conflicts by cotranscriptional protein engagement of nascent RNA is emerging as a unifying theme among both prokaryotes and eukaryotes.
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A ll bacterial transcription termination occurs by one of two pathways that are referred to as factor-independent (or intrinsic) and factor-dependent (or Rho-dependent), respectively (1). The latter pathway, which requires the action of factors Rho, NusG, and NusA in Escherichia coli, serves to terminate synthesis of transcripts that are not being simultaneously translated, for example, at the ends of various genes and operons (1, 2) . The same mechanism is also responsible for the classic phenomenon of nonsense polarity (3) , by which a stop codon mutation within the proximal gene of an operon results in absence of transcription of the distal genes; in this manner, Rho-dependent termination provides a back-up to other mechanisms (4, 5) that act to ensure the coupling of transcription with translation in bacteria. NusG and NusA are also involved in transcription antitermination during lytic growth of the lambdoid prophages and at the ribosomal RNA operons, as well as in regulating the rates of transcription elongation of all genes (6, 7) .
Rho, NusG, and NusA are each essential for viability of the prototypic WT E. coli strain MG1655. Cardinale et al. (8) have reported that NusG and NusA are dispensable in strain MDS42 [which is an engineered MG1655 derivative with 14% reduced genome content because of deletions of insertion elements and cryptic prophages (9) ], based on which they have proposed that the essentiality of Rho-dependent termination stems from its need for silencing of horizontally acquired genes in bacteria. Even so, the Δrho mutation in MDS42, as in MG1655, is lethal (8, 10) .
Several phenotypes in nusG, rho, and nusA missense mutants, which are defective for Rho-dependent termination and relieved for nonsense polarity, have earlier also been interpreted as evidence in support of the increased occurrence in them of RNA-DNA hybrids or R-loops, which are generated by 5′-end invasion and reannealing of nascent untranslated transcripts to the upstream DNA (11) . These phenotypes include synthetic lethalities with deficiencies of R-loop-removing enzymes RNase HI or RecG, increased copy number of plasmids that are R-loop-dependent for replication, and suppression of RNase E deficiency by postulated R-loop-mediated RNA degradation (12) (13) (14) . Both Rloops (15) and Rho inhibition (10, 16) are also independently associated with replication fork blockage. A similar model of R-loop formation, by the upstream reannealing of untranslated transcripts, has also been proposed for topA mutants of E. coli (17) .
In this article we present two converging lines of evidence that confirm the validity of the R-loop model. An assay using sodium bisulfite (18) was used to demonstrate excessive genome-wide Rloops in a nusG missense mutant defective for Rho-dependent termination. Furthermore, ectopic expression of UvsW, an Rloop helicase of phage T4 (19, 20) , restored viability in Δrho derivatives of MDS42 and MG1655, as well as in the ΔnusG derivative of MG1655. Our results therefore establish that the essential role of factor-dependent transcription termination in E. coli is in R-loop prevention.
Results
Bisulfite Strategy for Genome-Wide R-Loop Detection in a nusG Mutant. Sodium bisulfite targets C residues on the displaced DNA single strand in an R-loop, and the resulting changes can be detected as C-to-T conversions upon subsequent PCR and DNA sequencing (18) . In a test of the R-loop model, total nucleic acids from both an MG1655 derivative (designated WT) and its isogenic nusG (-G146D) missense mutant (12) defective for Rho-dependent termination were exposed to bisulfite without prior denaturation and subjected to whole-genome nextgeneration resequencing. The population of sequence reads (each ∼50 bases long) was mapped to the MG1655 upper (or top) strand reference sequence, and those reads that remained unmapped were then sequentially aligned to two modified versions of this sequence, the first bearing conversions of all C residues to Ts and the second of all Gs to As. It was expected that clustered C-to-T changes on a DNA strand caused by bisulfite would generate reads that fail to align to the native reference sequence, but would now instead map to the C-to-T or G-to-A converted reference sequence (depending upon whether the bisulfite mutagenesis had targeted the upper or lower genomic strand, respectively). As shown in Table 1 , the combined aggregate of reads mapping to the two converted reference sequences (expressed as a ratio of those mapping to the native reference sequence) was approximately threefold higher in the nusG mutant (19%) compared with that in the WT strain (7%); these results are indicative of increased bisulfite sensitivity of genomic DNA from the mutant, and thus are in accord with the genetic evidence for increased R-loops in this strain (12, 14) .
Gene-and Strand-Wise categorization of Bisulfite Sensitivity. For the WT and nusG strains, the read populations aligned to each of the three reference genomes (that is, native MG1655 and its C-to-T and G-to-A converted versions) were binned to discrete intervals corresponding to the >4,300 gene and intergene regions of E. coli (Dataset S1). To control for differences in gene length and intensity of sequence coverage, we have expressed the read numbers mapping to the C-to-T and G-to-A converted reference sequences for each gene as percentages of those mapping to the native reference sequence itself. The corresponding normalized values are designated as N upper and N lower , respectively (Dataset S2, sheet 1).
Following the binning procedure, it was also noted that in the nusG strain, read numbers mapping to the native MG1655 reference sequence at the rac prophage locus (about 20-kb long, extending from intR to stfR) were markedly lower than the read numbers for genes flanking rac (Dataset S1, sheet 1); these results indicate the existence of a Δrac deletion in >90% of cells in the culture, which was then confirmed by PCR (SI Text and Fig. S1 ). This finding is in agreement with the findings of Cardinale et al. (8) that rac genes confer reduced fitness when Rho-dependent termination is compromised, and we believe that the Δrac deletion was selected for during the course of routine maintenance of this missense mutant in the laboratory.
Bisulfite Sensitivity of Genes in nusG Mutant Is Biased by Both
Transcriptional and Replication Fork Orientations. On the 100-min-long circular E. coli chromosome, genes are transcribed in clockwise (+) and counterclockwise (−) orientations, and the replication forks progress bidirectionally on the clockwise (C) and counterclockwise (CC) arms from oriC at around 84 min to Ter at around 34 min. Accordingly, by combining both replication arm disposition and transcriptional orientation, all genes may be placed in four categories: C+, C−, CC+, and CC− (Fig. 1A) .
Because the gene-specific N upper and N lower values are measures, respectively, of bisulfite sensitivity of the upper and lower genomic strands, a large positive value of [N upper − N lower ] indicates preferential sensitivity of the gene's upper strand (relative to its lower strand) to bisulfite, and a large negative value the converse. With increasing positive values of [N upper − N lower ], genes of the nusG strain transcribed in + (relative to those in −) orientation were progressively overrepresented across both the C and CC replication arms of the genome (that is, as one moves from left to right in the top pair of histograms in Fig. 1B) , and vice versa. As the upper and lower strands constitute the transcriptional nontemplate strands of, respectively, the + and − oriented genes, our results establish that it is the nontemplate strand of transcription that exhibits preferential bisulfite reactivity across the majority of genes (in accord with the expectations of the R-loop model). At the same time, highly expressed genes, such as those encoding proteins of the transcriptiontranslation apparatus, were not overly bisulfite-sensitive (Dataset S2, sheet 2), suggesting that bisulfite was not simply targeting the unpaired nontemplate strand within an RNA polymerase transcription bubble (16) .
After adjustment for transcriptional orientation, an effect of replication fork direction on the read numbers mapping to the converted reference genomes was also detected for the nusG mutant; thus, the values of N upper and N lower were respectively higher for genes, in their aggregate, located on the C and CC chromosomal replication arms (Table 2 ) (compare aggregate N upper and N lower values between C and CC pairs of same transcriptional orientation: that is, + or −). Given that the upper and lower strands represent the lagging-strand templates of the C and CC arms, respectively, our results indicate that the singlestranded regions of DNA associated with Okazaki fragment synthesis at the replication forks of asynchronously dividing cells (21) are also targets for bisulfite-induced C-to-T conversions. Differences Between WT and nusG Strains for Bisulfite Reactivity Are only Quantitative. Unexpectedly, the patterns of bisulfite reactivity in the WT strain were highly correlated with those in its nusG derivative ( Fig. 1 B and C) . This finding was true with regard to both the relative sensitivities of, and strand-biasness in, the individual genes; the former was determined by comparisons between the two strains of N upper values for + and N lower for − genes, and the latter by comparisons of the [N upper − N lower ] values (Fig. 1C) . Similarly, the contribution of replication fork direction to bisulfite sensitivity was evident also in the WT strain, from the mean N upper and N lower values for the four gene categories (Table 2) . Thus, the differences between parent and mutant strains were only quantitative, and no genes were identified that were differentially more or less sensitive to bisulfite in the nusG mutant compared with those in the WT strain. As discussed below, these results are interpreted to signify that R-loops do occur at lower frequencies even in the WT strain. Consistent with this interpretation, the magnitude of global bisulfite sensitivity in a nusG derivative carrying the rnhA gene (encoding RNase HI) on a multicopy plasmid, as assessed by the proportion of reads mapping to the two converted reference sequences versus those to the native reference sequence, was lower even than that in the WT strain (Table 1 , last column).
Features of Genes and Regions That Exhibit High Bisulfite Reactivity.
In both the WT and nusG strains, increased bisulfite sensitivity of individual genes was correlated inversely with content of A nucleotides, and directly with those of G and C nucleotides, on the nontemplate strand ( Fig. 2A and Dataset S2, sheet 3). By using the set of criteria described in SI Text, around 76 singleand multigene loci or clusters of increased bisulfite sensitivity were identified, each possessing at least one gene that scored above the 97th percentile for N upper or N lower values for genes categorized by orientation and replication arm in the two strains ( Fig. 2B and Dataset S2, sheet 4). In many clusters, heightened bisulfite sensitivity was confined to one DNA strand but included genes in both orientations or in large operons, reflecting the effects of polarity, antisense transcription, or read-through across normal termination signals, which are the targets of Rho-dependent termination (1) (2) (3) 22) ; examples of three such clusters are shown in Fig. 2C . Some clusters also scored high for bisulfite reactivity on both the strands (Dataset S2, sheet 4), our interpretation for which is that each of these clusters represents two separate cell populations in the culture with R-loop based displacement in them of the upper and lower DNA strands, respectively.
About 50 genes that were above the 90th percentile for bisulfite sensitivity in the present study had also been identified earlier by an approach involving the mapping of RNA polymerase-bound genomic positions in the presence and absence of bicyclomycin (22) , to be in very close proximity to putative targets of Rho-dependent termination (Dataset S2, sheet 3). Similarly, several clusters were also in or near the horizontally acquired nonessential gene regions (9) that are silenced by Rhodependent termination (8) (Dataset S2, sheet 4).
Rescue of Δrho Lethality in Both MDS42 and MG1655 by UvsW Expression. As another test of the R-loop model, we examined whether ectopic expression of the phage T4-encoded R-loop helicase UvsW (19, 20) would rescue lethality in Δrho mutants. Such ectopic UvsW expression has been shown to suppress synthetic lethality associated with combined deficiency of the Rloop-removing enzymes RNase HI and RecG (19) , and we also found in this study that the Ts growth phenotype of a mutant doubly defective for RNases HI and HII (23) Because UvsW negatively regulates copy number of many commonly used plasmids (19) , its graded expression was achieved from a chromosomal P tac -UvsW construct [with varying concentrations of isopropyl-β-D-thiogalactopyranoside (IPTG)], and control derivatives similarly expressed a UvsW variant (-K141R) inactive for ATPase and helicase activities (19). Viability of Δrho strains was assessed by the ability of their derivatives carrying a cognate single-copy-number rho + lacZ + plasmid to yield spontaneous plasmid-free segregants, which could be distinguished by blue-white screening of colonies on plates supplemented with X-Gal (14) . Because ΔnusG and ΔnusA derivatives of MDS42 have been reported to be viable (8), we undertook our initial experiments in MDS42Δlac. With either of two deletion rho alleles, MDS42 derivatives with P tac -UvsW, but not P tac -UvsW-K141R, were viable on minimal medium supplemented with ≥ 25 μM IPTG; both strains were inviable on rich medium (LB) at any IPTG concentration ( Fig. 3 A and B, and Table S1 ). The rich-medium sensitivity was elicited also on nutrient agar and on defined medium supplemented with 5% (but not 0.5%) (wt/vol) Casamino acids (Fig. S3) , indicating that it is the growth rate and not any specific component of the growth medium that modulates UvsW's ability to rescue Δrho lethality.
The rho + P tac -UvsW derivative was also killed on rich medium with ≥ 50 μM IPTG, indicative presumably of R-loop helicase toxicity through unwinding of the RNA primers for Okazaki fragment synthesis (21) ; indeed, when equivalent levels of UvsW overexpression were elicited with 0.5 mM IPTG (as assessed by immunoblotting) (Fig. 3C) , greater toxicity was observed in the rho + than Δrho strain, suggestive of a protective titration effect by genome-wide prevalence of R-loops in the latter (Fig. 3B ).
In MG1655Δrho as well (Fig. 3 A and D, and Table S1 ), UvsW expression from P tac conferred viability, and only so in minimal medium (with the optimal growth rate at 150 μM IPTG of 0.29 h −1 ; that is, around 48% of that for MG1655). By PCR experiments, it was verified that the resulting strain continued to remain rac + (Fig. S1 ), thus establishing that this prophage is not an impediment to viability of Rho-compromised strains (8) as long as R-loop toxicity has been alleviated in them.
Finally, UvsW expression did not alter the nonsense polarity-relief phenotype conferred by a rho missense mutation at two different loci that were tested (Fig. S4A) , and even the Δrho strain expressing UvsW was polarity-relieved (Fig. S4B) . These data indicate that UvsW was not merely substituting for Rho's termination function while mediating the rescue of Δrho lethality.
UvsW Expression also Rescues ΔnusG Lethality in MG1655. We adopted the blue-white screening approach (using an unstable nusG + lacZ + shelter plasmid) to test for suppression by UvsW of ΔnusG lethality in MG1655 as well. As with Δrho, the lethality in MG1655 of ΔnusG was rescued by UvsW but not UvsW-K141R ( Fig. 3 A and D, and Table S1), this time on both rich and minimal media (with optimal growth rates at 5 μM IPTG of 0.38 h , respectively). Similar results of lethality rescue by UvsW were obtained with three different deletion alleles of nusG that were tested (Table S1 ), including one encoding loss of only the C-terminal domain after residue 118 so that the N-terminal domain's function in transcription elongation is retained (24, 25) . The double-mutant Δrho ΔnusG derivative of MDS42 but not MG1655 also was viable with UvsW, but only so on minimal medium at 30°C (Fig. 3 A and E).
ΔnusA Lethality in Neither MDS42 Nor MG1655 Is Rescued by UvsW.
When the similar approach was used with ΔnusA, we observed that it was lethal in MDS42 [contrary to the report of Cardinale et al. (8)], and that UvsW was unable to rescue this lethality (Fig.  3A) . Four different deletion alleles were tested in these experiments (Table S1 ), including the nusA::Cm mutation used earlier (8) and two others that retained their N-terminal domains (residues 1-137 and 1-200, respectively) with postulated distinct functions in transcription elongation and antitermination (26) . The nusA deletions were lethal also in MG1655, but our data do provide support to the earlier suggestion (8) that MDS42 requires a considerably lower level of NusA activity than does MG1655 for viability (SI Text and Fig. S5 ).
Rescue of MDS42Δrho Lethality by RpoB*35. Rich-medium sensitivity is commonly attributed to the occurrence of lesions that lead to replication fork collapse (27) , and our finding that Δrho strains expressing UvsW are rich-medium-sensitive suggested that the residual R-loops in them impede replication fork movement (15) . Similarly, we found that the Ts phenotype of a mutant deficient for both RNases HI and HII (23) is manifested only in rich medium (Fig. S2) . RpoB*35 (-H1244Q) is a mutant RNA polymerase that is reported to be less prone to backtracking and to be more readily dislodged from the DNA template; it is hence associated with reduced incidence of transcription-replication conflicts and fork blockage (16, 28, 29) . The rpoB*35 mutant is also bicyclomycinresistant (10, 16) , indicating that the mutation confers a reduced requirement for Rho function in the cells. We found that RpoB*35 restored viability to MDS42Δrho in minimal medium with a growth rate of 0.28 h , but [as also reported previously (10) ] that it was unable to do so on rich media (Fig. 3A, Fig. S3 , and Table S1 ); however, RpoB*35 could rescue neither the Δrho nor ΔnusG derivatives of MG1655 (Table S1 ). Whereas each by itself (RpoB*35 or UvsW) was only partially effective in suppressing Δrho (with the resulting strains being viable on minimal but not rich medium), the two together conferred viability to Δrho derivatives of both MDS42 and MG1655, even on rich medium (Fig. 3D and Fig. S3 ); these observations therefore suggest that the effects of the two suppressors are additive.
Suppression of Δrho by UvsW Is Independent of Replication Restart
Proteins. Through its helicase activity, UvsW is able not only to unwind R-loops but also to catalyze the regression of blocked replication forks, both in vivo and in vitro (30, 31) . We therefore considered the possibility that suppression by UvsW of lethality associated with compromised Rho-dependent termination is because of an enhanced ability to restart replication following double-strand breaks at blocked forks in these mutants (10, 32) . We found, however, that UvsW-mediated rescue of Δrho lethality occurs even in strains that are deficient for RecA, RecB, or PriA (Fig. S6) , which are some of the other proteins that are crucially involved in fork restoration and restart (33, 34) . Thus, it appears that UvsW is acting more to prevent fork blockage by Rloop unwinding than to resolve the blocked forks through its fork regression activity.
Discussion
Even as NusG and NusA were reported to be dispensable for viability in MDS42, no condition had so far been identified that would suppress Δrho lethality (8, 10) . It was therefore suggested that the essential role of factor-dependent termination is to silence the horizontally transferred prophage genes (8) , and that Rho performs an additional essential role in E. coli (10, 16) .
The results from the present study indicate that lethality of both Δrho and ΔnusG (but not ΔnusA) in MG1655 is rescued by expression of the R-loop helicase UvsW, and that genome-wide prevalence of R-loops is much increased in a nusG mutant compared with that in the WT strain. We conclude that essentiality of Rho-dependent termination is related solely to its function in reducing R-loop occurrence across the genome. Although there is evidence that NusA participates in Rho-dependent termination (8, 10, 13, 35) , our findings indicate that it is also needed for other essential functions (6, 7, 26) . The increased prevalence of R-loops in Rho-compromised strains may reflect either their reduced removal (16) or, perhaps more likely as explained below, their increased generation by reannealing of nascent untranslated transcripts to upstream DNA (11, 17, 36) .
Based on the bisulfite sensitivity data, we propose that there are two categories of untranslated transcripts that can invade and reanneal with DNA to generate R-loops when Rho-dependent termination is compromised. One category comprises mRNAs of protein-coding genes that, for stochastic reasons, are not simultaneously translated; this category would explain the strong transcriptional bias in patterns of bisulfite sensitivity in the strains (Fig. 1B) . We suggest that the source of the second category is the unexpectedly pervasive transcription from both genomic strands that has been discovered in E. coli as also in other bacteria (37) (38) (39) (40) ; this category would explain both the pan-genome distribution and long multigene clusters of bisulfite sensitivity. Rho-dependent termination is therefore to be seen as a surveillance mechanism to prevent excessive synthesis of both categories of untranslated transcripts that are otherwise R-loop-prone.
Because our data indicate that the gene-wise patterns of bisulfite sensitivity are identical between the nusG mutant and the WT strain, we suggest that both categories of R-loopgenerating untranslated transcripts occur at lower prevalence in the latter. This proposal is supported by earlier findings that strains deficient for either of the R-loop-removing enzymes, RNase HI or RecG, exhibit R-loop-initiated constitutive stable DNA replication [which is transcription-dependent (27) ], that the combined deficiency of both enzymes is lethal (19, 27) , and that ectopic UvsW expression rescues this synthetic lethality (19) . It would therefore appear that accumulation of R-loops to lethal levels in a WT strain is avoided, not by the absence of their generation, but by a balance between their generation and removal.
Our study confirms that strain MDS42 requires less Rho function for its viability than does MG1655 (8) . Furthermore, our data for Δrho strains on suppression by RpoB*35 and on rich-medium sensitivity suggest that R-loop lethality is correlated with RNA polymerase backtracking and arrest, leading to replication fork blockage (16, 29, 41, 42) . However, these interpretations from the genetic data are not conclusive, and rigorous mechanistic explanations await supporting biochemical and other evidence.
Reminiscent of the bacterial situation in which R-loops occur from nascent transcripts that fail to be simultaneously translated, recent work has established that R-loops also occur in eukaryotic cells in the absence of cotranscriptional splicing, polyadenylation, or export, leading to replication fork blockage and genome instability (reviewed in refs. [43] [44] [45] . Furthermore, loss in yeast (46) or human (47) cells of Sen-1/ senataxin that, like Rho is a 5′-3′ RNA translocase, is associated with both increased R-loops and defective transcription termination. Thus, cotranscriptional engagement of RNA by different proteins appears to be necessary for R-loop prevention in both prokaryotes and eukaryotes.
Methods
Bisulfite Treatment and Whole-Genome Sequencing. Details of the procedures used for bisulfite treatment of nucleic acid preparations from the different strains and for analysis of DNA sequence reads are given in SI Text. Genomic DNA sequencing was undertaken on the SOLiD 4 System platform (Life Technologies), and the raw sequence read data have been deposited in the National Center for Biotechnology Information Sequence Read Archive under accession number SRA059488.
Other Methods. Other methods, plasmids, and strains are described in SI Text. Isogenic MG1655 derivatives GJ6504 (WT) and GJ6511 (nusG-G146D), described earlier (13) , were used in the bisulfite reactivity experiments. Studies with rho, nusG, and nusA deletions were performed in two strain backgrounds, MDS42Δ(argF-lac)U169 and MG1655ΔlacIZYA. The protocols of Datsenko and Wanner (48) and Boyd et al. (49) were used, respectively, for generation of deletions on the chromosome and for chromosomal integration of P tac -UvsW and P tac -UvsW-K141R. (1), respectively, and the growth temperature was 37°C. Supplementation with antibiotics was at concentrations described previously (2, 3) . Growth rates of cultures were determined with the aid of a Bioscreen C apparatus (OY Growth Curves). All images of bacterial colonies and spots shown in the figures are reproductions to size, within approximation.
Routine DNA Methods and Immunoblotting. Procedures for plasmid cloning, PCR, transformations and immunoblotting [using anti-GST antibody to determine intracellular UvsW levels, because the P tac -UvsW construct encodes a GST-tagged UvsW protein (4)] were as described previously (5).
Plasmids. Plasmids described earlier include (relevant features in parentheses): pMU575 (single copy-number unstable replicon with lacZ + ) (6); pAM34 [isopropyl-β-D-thiogalactopyranoside (IPTG)-dependent for replication] (7); pHYD781 (multicopy rnhA + encoding RNase HI, which is the plasmid referred to as prnhA + in Table 1 ) (8); pSK760 and pSK762c (carrying, respectively, rnhA + and a mutated and inactive version of rnhA) (9); pKD13 (for use in recombineering experiments) (10); pCP20 (expressing Flp recombinase for site-specific excision between FRT sites) (10); pHYD2556 (low-copy-number P ara -nusA + ) (2); and pKCK47 and pKCK48 (multicopy P tac -UvsW and P tacUvsW-K141R, respectively, each with N-terminal GST tag-encoding sequence) (4) . Plasmids constructed in this study include pHYD2380 [pAM34 derivative with cloned Escherichia coli nusA ORF between genome coordinates (11) 3313815 and 3316994]; and pHYD2381, pHYD2411, and pHYD2412, which are pMU575 derivatives with, respectively, cloned E. coli nusA + (genome coordinates the same as those for pHYD2380), Salmonella typhimurium rho + [genome coordinates (12) 4125279-4126992], and S. typhimurium nusG + (genome coordinates 4361804-4362966).
Construction of Bacterial Strains. Gene transfers across strains were accomplished by P1 transduction (1). Single-copy chromosomal integrations of P tac -UvsW and P tac -UvsW-K141R at the λ att site were achieved with the aid of the plasmid-chromosome shuttling procedure using phage λInCh, as previously described (13), and the plasmids from which these constructs were transferred by homologous recombination were pKCK47 and pKCK48, respectively. The construction of strains with rho, nusG, and nusA deletions is described below.
rho, nusG, and nusA Mutations Used in Tests of Lethality and Suppression by UvsW. With a lone exception described in Fig.  S4B , all experiments with the lethal rho, nusG, and nusA mutations were performed in strains MDS42Δ(argF-lac)U169 or MG1655ΔlacIZYA. Two alleles of rho, three of nusG, and four of nusA were used in the tests for lethality and their suppression; the mutations were routinely maintained in strains carrying a functional copy of the cognate genes on plasmids pHYD2411, pHYD2412, and pHYD2381, respectively. Three of the mutations (that have been designated for convenience in this study as rho::Kan, nusG::Kan, and nusA::Cm) are those that were used earlier by Cardinale et al. (14) , and the mutations represent, respectively, a deletioninsertion allele in which a 360-bp fragment including the initiation codon of rho has been replaced by a kanamycin-resistance (Kan)-cassette, a Kan-insertion after codon 43 of nusG, and another deletion-insertion allele in which the segment between codons 128 and 304 of nusA has been replaced by a chloramphenicol-resistance (Cm)-cassette.
All of the other mutations were those obtained by the PCRbased recombineering protocol of Datsenko and Wanner (10), leading to deletion of specified chromosomal regions and their replacement by an FRT-site flanked Kan cassette from plasmid pKD13. (i) Three mutations, designated Δrho, ΔnusG, and ΔnusA, are near-complete deletions of the corresponding ORFs (between codon 2 and the seventh codon from the last), of which Δrho was sourced from a strain in the Keio knockout strain collection (15) , where it is sheltered by rho + on a tandem duplication (16, 17) ; ΔnusG and ΔnusA were constructed in this study with primer pairs 5′-TATTCTGGTTCGCCTGGTATC-CTTTATCACTGGCCTGAGGTTCTGAGATGATTCCGGG-GATCCGTCGACC-3′ (forward) and 5′-ATTAAATCGCCG-CTTTTTTGATCGCTGGGTTAGGCTTTTTCAACCTGGCT-TGTAGGCTGGAGCTGCTTCG-3′ (reverse) for the former, and 5′-ACCTGGTTCCCCACTTTTAATAGTCTGGATGAG-GTGAAAAGCCCGCGATGATTCCGGGGATCCGTCGAC-C-3′ (forward) and 5′-GTCATGCTGTTCCTTCCTGCTAC-AGTTTATTACGCTTCGTCACCGAACCATGTAGGCTGG-AGCTGCTTCG-3′ (reverse) for the latter. Because nusG is very tightly linked to rpoB, a separate recombineering experiment was undertaken to introduce ΔnusG::Kan into the rpoB*35 strain. (ii) The remaining mutations comprised one C-terminal deletion (CTD) of nusG after codon 118 and two of nusA after codons 137 (CTD-1) and 200 (CTD-2), with each of them extending up to the seventh codon from the last as for the nearcomplete deletion alleles in (i), above. The forward primers used in these three instances were, respectively, 5′-CAATCAG-CGATAAAGAAGTCGATGCGATTATGAACCGCCTGCA-GCAGGTTTAAATTCCGGGGATCCGTCGACC-3′; 5′-CC-GAACGTGCGATGGTGGTTGATCAGTTCCGTGAACACG-AAGGTGAAATCTAAATTCCGGGGATCCGTCGACC-3′; and 5′-CCGTTCGCCCGGAAGCGCGTGGCGCGCAACT-GTTCGTCACTCGTTCCAAGTAAATTCCGGGGATCCG-TCGACC-3′; the reverse primers were the same as those that have been described in (i), above. The CTD variants of NusG and NusA were constructed and tested in this study in light of earlier suggestions (18) (19) (20) (21) for existence of distinct domain-specific functions in the two proteins.
Testing for Presence or Absence of rac Prophage in Strains by PCR.
The principle of the PCR-based method that was used to establish the presence or absence of the rac prophage in different strains is illustrated in Fig. S1A . Under routine PCR conditions, the pair of forward and reverse primers E1 and E2 (annealing to chromosomal loci immediately external to the rac prophage and flanking its attachment site) is expected to yield an amplicon only in a Δrac strain (because the rac prophage itself is around 20-kb long). On the other hand, PCR performed with E1 and the reverse primer I (that is internal to the prophage) would yield an amplicon only in the rac + strain. The sequences of the three primers E1, E2, and I were, respectively, 5′-GGCGAGAACA-CAGT-3′, 5′-TCACCACTTATCTG-3′, and 5′-TGCCGTTT-ACTCAG-3′.
Testing for Effect of UvsW Expression on Relief of Nonsense Polarity in rho Mutants. The effect of UvsW expression was tested on two phenotypes of nonsense polarity that are each relieved by the rho-4 missense mutation (Fig. S4A) . One is the phenotype of sensitivity to supplementation of defined medium with serine, methionine, and glycine (SMG S ) conferred in a relA background by the naturally occurring frame-shift mutation in ilvG in E. coli K-12, for which the isogenic pair of strains GJ3161 (rho + SMG S ) and GJ3110 (rho-4, SMG R ) was used (8) . The other is the phenotype of tryptophan auxotrophy conferred by a trpE frameshift mutation, in which anthranilate can substitute for the tryptophan requirement if the strain is rho-4 (GJ6509) but not rho + (GJ6504) (2). Strain GJ3161 also carries the mutation galEp3, conferring nonsense polarity on the gal operon (8) to examine whether nonsense polarity is relieved also in a Δrho mutant expressing P tac -UvsW, isogenic P tac -UvsW derivatives of GJ3161 (rho + ) and GJ3161Δrho were examined for their Gal and SMG phenotypes. GJ3161Δrho was viable only on defined medium supplemented with IPTG (as expected), and it was both Gal + and SMG R on IPTG-supplemented plates, whereas its rho + parent was Gal − and SMG S (Fig. S4B ). Thus, P tac -UvsW expression does not affect nonsense polarity relief, even in a Δrho strain.
Results from Experiments with nusA Mutations. In the case of the nusA mutations, three (ΔnusA, CTD-1, and CTD-2) yielded no white colonies in the plasmid-segregation assay, even for MDS42 without or with UvsW expression. The fourth (nusA::Cm) did yield white colonies for MDS42 on the plasmid-segregation assay (which may explain the earlier report of viability of this strain), but the cells in these colonies could not be subcultured [as has also been reported by Cardinale et al. (14)]; similarly, among derivatives sheltered by plasmid pHYD2380 (which carries nusA + and is IPTG-dependent for replication), it was only MDS42nusA::Cm (but not MDS42ΔnusA or MG1655 with either nusA::Cm or ΔnusA) that yielded colonies on LB plates without IPTG supplementation (Fig. S5A) , and once again the cells in these colonies could not be revived upon restreaking. Finally, MDS42nusA::Cm (but not MG1655nusA::Cm) was indefinitely viable if it carried an additional P ara -nusA construct even in absence of arabinose supplementation (Fig. S5B) , supporting the earlier suggestion (14) that MDS42 requires a considerably lower level of NusA expression than does MG1655 for viability.
Protocols for Bisulfite Treatment and Data Analysis. Total nucleic acids were gently isolated by a procedure using cetyl trimethyl ammonium bromide and lysozyme in buffer of high osmolarity. as previously described (22, 23) , from 20 mL of LB-grown midlog phase cultures of the MG1655-derived WT strain (GJ6504), its nusG-G146D derivative (GJ6511), and the nusG strain with multicopy-rnhA + (GJ6511/pHYD781). Reagents of the Qiagen Epitect Bisulfite kit were used as per the manufacturers' instructions for treatment of the nucleic acid preparations with sodium bisulfite, with the modification that the incubation temperature was 37°C (to avoid denaturation of DNA-DNA and RNA-DNA duplexes). The bisulfite-treated samples were subjected to whole-genome amplification with reagents from the Qiagen Epitect Whole Bisulfitome kit followed by sequencing on the SOLiD 4 System platform.
The population of reads from each sample was sequentially mapped, with the aid of the Bioscope Alignment Software available with the System platform, to three MG1655-related reference genomes as described in the main text: native, C-to-T converted, and G-to-A converted. The output from each of these alignments for strains GJ6504 and GJ6511 were recovered and stored as .bed and .bam files, and were "binned" to discrete intervals corresponding to the individual genes and intergene regions, as defined in Baba et al. (15) , with the aid of a software program developed in-house; in the process, any read that spanned an interval boundary was discounted, the aggregate of which amounted to around 7.8% and 7.9% of the total reads that were mapped in the two strains, respectively.
Following the binning procedure, the following 157 of the 4,359 gene rows listed in Baba et al. (15) were excluded from further analysis: 74 genes labeled "none"; 61 "ins" genes; a cluster of 5 genes deleted at the trpR locus in both strains (2) (yjjK, slt, trpR, yjjX, ytjC); and htgA, rzoD, dcuC, tpr, trpL, rzoR, pheM, hisL, gatA, rcsC, ygeL, yqgB, ivbL, tnaC, tnaB, yzfA, and yjgX.
N upper and N lower values for the individual genes were then calculated as described in the text; these values were converted to rank orders and percentile ranks within each of the four categories of clockwise (C) and counterclockwise (CC) genes: C+, C−, CC+, and CC−. Clusters of genes exhibiting high bisulfite reactivity were identified by the following criteria: (i) at least one gene in each cluster was to be above the 97th percentile in N upper or N lower values for genes of that category, in either the WT or nusG strains (Dataset S2, sheet 4); (ii) clusters were iteratively enlarged by including genes that are above the 90th percentile (in either the WT or nusG strain) on the same strand (upper or lower, as appropriate) as, and that are ≤4 genes separated from, the last gene of the previous iteration; (iii) at least one gene in each such cluster was also to be above the 90th percentile for the nusG strain; and (iv) two or more clusters, identified by application of criteria i to iii above, were merged if they were separated by ≤4 genes (even if the individual clusters represented bisulfite sensitivity on different strands). E1-I for strains GJ6504 (WT strain used in bisulfite experiment; lanes 1a and 1b), GJ6511 (nusG-G146D missense mutant used in bisulfite experiment; lanes 2a and 2b), MG1655Δrho P tac -UvsW carrying rho + plasmid pHYD2411, that is, blue colony derivative of strain GJ13492 described in Table S1 (lanes 3a and 3b), and MG1655Δrho P tac -UvsW, that is, white colony derivative of strain GJ13492 described in Table S1 (lanes 4a and 4b). DNA size markers are on lane at extreme left. PCR amplicons of expected lengths are seen in lanes 2a, 1b, 3b, and 4b. Fig. S2 . Rich-medium temperature sensitivity of strains deficient for both RNase HI and RNase HII, and its suppression by UvsW expression. Derivatives of strain GJ13517 (rnhA339::Cm ΔrnhB::Kan; that is, deficient for RNases HI and HII) carrying one of the following plasmids: pSK760 (rnhA + ), pSK762c (ΔrnhA), or pKCK47 (P tac -UvsW), were spotted at dilutions on LB or glucose-minimal A (MM) plates and incubated at 30°C or 42°C, as indicated. The results demonstrate rich-medium-specific temperature sensitivity of the double-mutant strain derivative with the noncomplementing ΔrnhA plasmid, successful complementation with rnhA + plasmid, and partial suppression with P tac -UvsW plasmid. Fig. S3 . Rich-medium sensitivity of Δrho derivatives with P tac -UvsW or rpoB*35. MDS42Δlac derivatives GJ13495 (rho + P tac -UvsW), GJ13493 (Δrho P tac -UvsW), GJ13567 (Δrho rpoB*35), and GJ13593 (Δrho rpoB*35 P tac -UvsW) were each spotted at dilutions on glucose-minimal A without (MM) or with supplementation with 0.5% or 5% Casamino acids (CAA), LB, and nutrient agar (NA), as indicated. All plates were supplemented with IPTG at 25 μM. Fig. S4 . UvsW expression does not affect relief of nonsense polarity conferred by rho mutation. (A) Isogenic derivatives of rho + and rho-4 strains without (Nil) or carrying P tac -UvsW (UvsW) or P tac -UvsW-K141R (-K141R) were spotted at dilutions on glucose-minimal A without (MM) or with supplementation with serine, methionine and glycine (SMG), tryptophan (Trp), or anthranilate (Anth). All plates were supplemented with IPTG at 100 μM. Derivatives of strains GJ3161 (rho + ) and GJ3110 (rho-4) were used for the pair of plates on left, and of strains GJ6504 (rho + ) and GJ6509 (rho-4) for the pair of plates on right (see SI Text for details). (B) Isogenic derivatives of GJ3161 (rho + ) and GJ3161Δrho carrying P tac -UvsW were spotted at dilutions on the following plates: glucose-minimal A without (MM0) or with 100 μM IPTG (MM100); galactose-minimal A with 100 μM IPTG (Gal100); and glucose-minimal A wtih serine, methionine and glycine along with 100 μM IPTG (SMG100). Growth of suppressor colonies is visible for low-dilution spots of the rho + strain on the SMG100 plate (because this plate was incubated for three days to compensate for the slow growth-phenotype associated with Δrho). were each plated at a suitable dilution on a pair of LB plates without (−) and with (+) IPTG supplementation at 500 μM. Strains for the panels were, respectively, from left: GJ13767, GJ13759, GJ13766, and GJ13758. (B) Dilution-spotting of indicated MG1655 and MDS42 derivatives carrying plasmid pHYD2556 (with P ara -nusA + ) on a pair of LB plates without and with supplementation of 0.2% arabinose (−Ara and +Ara, respectively). Strains used were (from top): GJ6504, GJ13742, GJ13743, GJ13754, and GJ13755 respectively. Fig. S6 . Viability of MDS42 Δrho expressing UvsW is independent of RecA, RecB, or PriA. Panels show occurrence of mixtures of blue and white (B+W) colonies from the different MDS42 Δrho P tac -UvsW derivatives carrying the rho + lacZ + plasmid pHYD2411 on X-Gal-and IPTG-supplemented minimal medium; representative white colonies are marked by arrowheads. Strains for the panels were, respectively, from left: GJ13493, GJ13561, GJ13553, and GJ13552. Deletion derivatives without (Nil) or with the P tac -UvsW or P tac -UvsW-K141R constructs as indicated, and carrying the cognate lacZ + -bearing shelter plasmids, were cultured overnight in glucose-minimal A media and plated on X-Gal-and IPTG-supplemented glucose-minimal A media to determine occurrence of blue (B) or mixture of blue and white (B+W) colonies. Numbers in brackets are GJ-designated strain numbers for the different strains. B* refers to strains that yielded small whites colonies which, however, failed to grow upon restreaking. ND, not determined.
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